Turtles have the unparalleled ability to retract their heads and necks within their shell but little is known about the evolution of this trait. Extensive analysis of neck mobility in turtles using radiographs, CT scans, and morphometry reveals that basal turtles possessed less mobility in the neck relative to their extant relatives, although the anatomical prerequisites for modern mobility were already established. Many extant turtles are able to achieve hypermobility by dislocating the central articulations, which raises cautions about reconstructing the mobility of fossil vertebrates. A 3D-model of the Late Triassic turtle Proganochelys quenstedti reveals that this early stem turtle was able to retract its head by tucking it sideways below the shell. The simple ventrolateral bend seen in this stem turtle, however, contrasts with the complex double-bend of extant turtles. The initial evolution of neck retraction therefore occurred in a near-synchrony with the origin of the turtle shell as a place to hide the unprotected neck. In this early, simplified retraction mode, the conical osteoderms on the neck provided further protection.
cryptodires retract their neck within the rib cage in a vertical plane. High neck mobility is otherwise known for many birds (Weisgram and Zweers, '87) and has been reconstructed for advanced sauropodomorphs (Taylor et al., 2009) . Although some birds can retract their heads and necks over their bodies, only turtles can retract the head/neck-apparatus within the confines of the body wall.
The cervical column of turtles consists of eight vertebrae (Williams, '50; Müller et al., 2010 ) and a great diversity of vertebral morphology can be recognized that enables various types of movement (Vaillant, 1881 (Vaillant, , 1883 Ogushi, '11; Williams, '50; Hoffstetter and Gasc, '69; Herrel et al., 2008) . To date, research on the neck has been restricted to documenting cervical variation (Williams, '50) , investigating the myology of the neck (Werneburg, 2011) , understanding the general mechanics of neck retraction (Weisgram and Splechtna, '90) , and exploring the interactions of neck-movement with feeding (Herrel et al., 2008) . However, virtually no efforts have been made to reconstruct neck mobility among fossil turtles beyond the tacit assumption that the amphicoelous vertebrae of basal turtles did not permit great mobility (Hay, '08; Młynarski, '76; Williams, '50) . Many basic questions regarding the origin and evolution of neck retraction mechanisms therefore remain unanswered.
How great was the mobility of the neck of fossil stem turtles? When and how did the neck retraction mechanism and the great neck mobility of extant taxa evolve, and did the drastically different modes of retraction in pleurodires and cryptodires evolve independently from one another? Which anatomical changes are associated with these important evolutionary innovation? Does the mobility of the neck of extant turtles have any implication regarding the mobility of extinct taxa? We tackle these questions by analyzing the vertebrae of several extant and fossil turtle species with the help of angle measurements and by modeling the mobility of the best-known Triassic fossil turtle, Proganochelys quenstedti (Gaffney, '90) . The mobility of living turtle specimens was analyzed with the help of computed tomography. Taphonomic distances (i.e., the difference between the maximum mechanically possible and observed movement) were calculated to better reconstruct mobility in the necks of fossil turtles. Throughout this article, the term "flexion" is used to refer to U-shaped dorsal, ventral, and lateral bending of the neck, whereas the term "retraction" is used to refer to the withdrawal of the neck within the confines of the body wall.
METHODS

Specimens
In total, the neck vertebrae of five extinct and 35 extant turtle species were studied. Two non-turtle species were used for comparison (Fig. 1) . The list of fossil and extant turtle skeletons used herein, including morphometric measurements, is provided in Supplementary Table S1 whereas living turtles are listed in   Supplementary Table S2. Additional data, including angle  measurements and images, were taken from the literature  (Supplementary Table S3 ).
Radiographs and Fluoroscopy of Living Animals
Fluoroscopy of different neck postures of 29 animals (Table S2) , presented to the clinic with reasons unreleated to and not interfering with this study, were performed using a Siemens Axiom Iconos R200 (Siemens AG, München, Deutschland, Germany) at the University of Veterinary Medicine in Vienna (Fig. 2) .
In order to not unreasonably stimulate or manipulate the animals, focus was placed on the maximum retraction of each specimen and only one radiograph was produced for each animal. If the animals were cooperative and curious to attractants (e.g., food, compare Fig. 2C ), additional images were taken for other positions of the neck (Supplementary Table S7 ).
CT-Scans of Living Animals
Most individuals used for fluoroscopy underwent an additional diagnostic CT examination using a Siemens Somatom Emotion multislice scanner (Siemens AG) at 130 kV, 80 mA, 1.0 sec (rotation time) and 0.6 mm thick slices. The specimens were kept at 25-30°C temperature and anesthetized with medetomidine 0.05 mg/kg BW and ketamine 5 mg/kg body mass (intramuscular) (Supplementary Table S2 ).
The head and neck of each specimen were manually flexed to the physiologically (1) most extended (Fig. 2J,N Table S8G ). The living animals were handled very carefully; their heads and necks were not overstretched to avoid strangulation of the neck plexus and to not risk their health. This method can only provide an approximation of the actual maximal mobility in living animals, as muscle forces, such as those provided by musculus retrahens capiticollique (Werneburg, 2011) or by intervertebral muscles, certainly allow for slightly larger retraction or flexion of the neck. The above mentioned radiographic studies (Supplementary Table S7) therefore provide an important comparison.
The CT-data was reconstructed with the surface view tool of Amira, surface files (obj/ply) were exported to MeshLab, and screenshots taken from that software were analyzed using ImageJ (http://meshlab.sourceforge.net/).
Angle Measurements
For macerated and fossil specimens, as well as for radiographed and CT-scanned living animals, the amount of mobility was measured between adjacent vertebrae using a suite of different techniques (Supplementary Tables S4, S7 , and S8). For the macerated and fossil specimens, digital photographs were taken Figure 1 . Fossil and living turtle species analyzed in the present study. Phylogenetic arrangements follow Joyce (2007) and Anquentin (2012) for extinct taxa and Thomson and Shaffer (2010) for extant taxa.
for each joint (Fig. 3A-D ) and angles were measured using ImageJ. Angles on radiographs were measured directly.
Fossil and macerated vertebrae were manually moved against each other along the horizontal and vertical plane (Fig. 3A-D) . The central articulations were always left articulated with one another (without space for intervertebral disc) and at least part of the zygapophyses was always left articulated. The "neutral" position is herein confirmed to be the maximum overlap of the articular facets of the zygapophyses (see Discussion section). The maximum dorsal and ventral movement was documented in lateral view by measuring the angle between ventral margins of the central bodies to the exclusion of ventral processes (Fig. 3A-C) . The maximum amount of lateral motion was documented from dorsal view and angles were measured between the midlines of the neural arches (Fig. 3D ).
Additional photographs were taken in anterior and posterior view of each vertebra and angles were measured between the centre of the centrum and the lateral most expansions of the articular facet of the zygapophyses (Fig. 3E , Supplementary Table  S5) .
For angles on radiographs (Supplementary Table 7A ,C,D,F) and CT images (Supplementary Table 8A ,B,F,G), measurements were also taken along the ventral line of the centra (in lateral view) and along the midline (neural spine or hypophyseal crest/process) in dorsal or ventral view. When necessary, the 3D mesh models were rotated to allow more accurate measurement of angles. For both types of neck retraction, a dorsal view was measured of the deformed neck to estimate spatial rotation.
The angles were taken with an accuracy of 0.1°but an uncertainty of measurement of about AE1 can be assumed. The fossil vertebrae used are all in good condition and most are symmetrical: erosion and deformation are therefore thought to be negligible.
3D-Scans and Animations
Micro computed tomography (mCT) was performed for selected vertebrae and associated skulls at the Steinmann-Institut für Geologie, Mineralogie & Paläontologie/Rheinische FriedrichWilhelms-Universität Bonn with a resolution of 187 mm and at the Riedberg Campus of the Goethe-Universität Frankfurt with a resolution of about 25 mm. The CT-scanned files were imported to Geomagic Studio 11 (Geomagic_Inc. 2009 ) where the postprocessing was undertaken. Each scanned bone was loaded into the software separately in order to optimize computing capacity and to obtain full sight of each bone. The bone surface was smoothened to remove the step-like surface structures created by the CT scanning progress. Existing holes in the model surface were filled using curvature filling algorithms which generate smooth fills following the surface geometry to the highest possible degree. Furthermore, polygon spikes, non-manifold edges, self-overlaps, and small components such as isolated polygon relicts were removed in order to simplify and smoothen the polygon surface. Missing parts of fossil bones, such as zygapophyses or vertebral processes, were complemented by mirroring the non-deformed or not broken part from the opposite side of the vertebra (if present). The mirrored structure was connected to the existing bone surface by creating a Boolean Union between the existing vertebra model and the newly added parts. All isolated bones were saved and exported as Wavefront Object Files (OBJ). In a second step, the cleaned and smoothed bone OBJs were imported into the CAD software Rhinoceros 3D (Robert_McNee-l_&_Associates, 2003, November) where articulation and angulation were set up. For this purpose, the screen was split into four viewports (top, front, side, and perspective) which allowed precise model rotations along the main axes of the world coordinate system. Complex rotations were achieved by rotating around the X-, Y-, and Z-axis consecutively.
At first, a neutral pose of the cervical spine was modeled. Subsequently, calculated angles between the vertebrae were added in order to create different model poses. This was done in caudal to cranial direction-beginning at C8 and ending at C1. During the setup of a joint angle, all vertebrae cranial to this joint were grouped and moved together in order to avoid positioning errors.
Afterwards, color schemes were assigned to the different model poses and renderings of the different viewports were created using the integrated Rhinoceros 3D standard rendering tool.
Taphonomic Distance
To calculate the live neck performances in fossils, the theoretical (Supplementary Table S4 ) and actual (Supplementary Table S8) angles between vertebrae were compared (Supplementary Table  S9 A direct contact of the centra and zygapophyses was allowed in osteological specimens, whereas in life images (X-rays/CTs) the natural conditions were measured, in which intervertebral disks are present. (E) Anterior face of the 7th vertebrae of P. unifilis (articular facets in dashed lines) and definition of the zygapophyseal angle.
(C-D) In total, six morphometric lengths were measured for the macerated and fossil vertebrae using a digital caliper with an accuracy of 0.01 mm. The measurements were rounded to 0.1 mm and correlated to each other ( Supplementary Fig. S5 , Supplementary  Table S1 and S6). B1, maximum distance between the transverse processes; B2, maximum distance between the anterior zygapophyses; B3, maximum distance between the posterior zygapophyses; H1, height (measured with the centrum oriented horizontally); L1, maximum length between zygapophyses; L2, length of centrum.
comparable data was available. Regressions were calculated using (1) all vertebra within the neck of particular species and (2) the same single vertebrae among all species. Contrary to the first approach, the second resulted in implausible calculations. That speaks for a deeper dependence of adjacent vertebrae along a single neck than a correlation of particular vertebrae between species.
Following the same steps, the mobility between the 8th cervical (CV8) and the 1st dorsal (DV1) vertebrae was calculated resulting in implausible results for dorsal-ventral mobility but plausible results for lateral mobility. This speaks for a different integration of CV8/DV1 during dorsal-ventral flexions than exists between the other neck vertebrae; for lateral vertebrae movement a continued equation in the relation of vertebra towards CV8/DV1 is plausible.
The regressions of theoretical against actual angles between the neck vertebrae (Supplementary Table S10) were used to calculate live neck performances in fossils (Supplementary Tables S11 and  12 ). The taphonomic distance was calculated for the cervical vertebrae in pleurodires, cryptodires, and all turtles combined (i.e., Testudines) separately. For all fossil taxa all three formulae were applied and, to decide for the most plausible movement, the following conservative assumptions were made (Supplementary Table S11 ): (1) The fossil neck vertebrae had the same relationships to each other as those of extant taxa (i.e., same formula; Supplementary Table S10), (2) the measured angles should be larger than the calculated life-angles in most cases (i.e., only few overstretchings of adjacent vertebrae are allowed), and (3) in the case of two or three plausible movements, the largest differences to the meassured value are presumed to be less plausible than the smaller difference.
RESULTS
Raw Mobility of Turtle Necks
Herein, "raw mobility" is defined as the maximum amount of horizontal and vertical motion that is mechanically allowed between two vertebrae, measured in degrees relative to the "neutral position", which is defined as the vertebral position with the greatest zygapophyseal overlap (Fig. 3) . The lowest dorsal, ventral, and lateral raw mobility is seen in stem turtles. Cryptodires have the greatest dorsal and ventral raw mobility, whereas pleurodires have the greatest lateral raw mobility (Fig. 4 , Supplementary Figs . S1-3, and Table S4 ). Relative to the centra, the zygapophyses show the largest angles in cryptodires, whereas stem turtles and pleurodires have smaller angles. Greater angles are measurable in the zygapophyses of the more anterior vertebrae of all species. Greater angles can also be found in the zygapophyses of the more posterior vertebrae of cryptodires ( Supplementary Fig. S4 ). CV1  CV6  CV5  CV4  CV3  CV2  CV8  CV7  DV1  S  DV1  S  CV1  CV6  CV5  CV4  CV3  CV2  CV8  CV7  DV1  S  CV1  CV6  CV5  CV4  CV3  CV2  CV8  CV7  DV1  S  CV1  CV6  CV5  CV4  CV3  CV2  CV8 Within any given cervical column, the dimensions of the vertebrae are strongly correlated with one another (Supplementary Fig. S5 ). By contrast, the dimensions of a vertebra are only poorly correlated with its raw mobility and various measures of raw mobility only correlate poorly with one another. Stronger correlations exist between the neutral position of adjacent vertebrae and their related dorsal and ventral flexion (Supplementary Table S6 ).
Calculated Neck Mobility in Fossil Turtles
Three models of neck mobility were calculated for Pleurodira and Cryptodira separately and for both together (Testudines) that describe the taphonomic distance of the three groups (i.e., the difference between measured raw mobility and true mobility observed on radiographs and CT images) (Supplementary Table  S7 ). The stem turtles Proganochelys quenstedti, Meiolania platyceps, and Naomichelys speciosa show dorsal and ventral neck flexion patterns that are consistent with the cryptodiran and pleurodiran models, respectively. The dorsal and lateral flexion of the neck of the paracryptodire Chisternon undatum is consistent with that of Pleurodira, whereas its ventral flexion is consistent with the patterns seen in both the Pleurodira-and Testudinesformulae. Finally, the basal stem-cryptodire Xinjiangchelys chowi exhibits a dorsal flexion that is consistent with that of Cryptodira, but whereas its ventral flexion is consistent with the Cryptodiraand Testudines-formulae, the lateral movement is more consistent with the pleurodiran mode (Fig. 7G,H) . The best supported prediction of fossil movement is summarized in Supplementary  Table S8 .
The three models were used to predict the mobility between the eighth cervical vertebrae (CV8) and the first dorsal vertebrae (DV1) of fossil stem turtles. All models produced non-plausible results (i. e., negative motion; Supplementary Table 13) for dorsoventral mobility revealing that this joint is structurally different in basal turtles relative to all extant turtles. However, all models produce plausible results for lateral movement (Fig. 4D , Supplementary  Table S9) .
Outgroup representatives do not show sufficient flexibility to allow any movement resembling the neck retraction seen in extant turtles (Fig. 4A,B) . The raw and calculated mobility of the vertebrae of all fossil turtles included in this study (incl. deviation) lies strongly below the ability needed for full cryptodiran retraction (Fig. 4C) . Similarly, the raw and calculated mobility of these fossil turtles does not reach the maximum flexion between CV3-5 that would be needed for full S-shaped pleurodiran like retraction (Fig. 4D) . It is therefore apparent that the fossil stem turtles included in our sample were not able to retract their necks, at least in the way that extant cryptodires and pleurodires do. Our observations and calculations additionally confirm that pleurodires are not mechanically able to retract their necks in the cryptodiran mode (Fig. 4E ) and vice versa (Fig. 4H ).
Hypermobility
As a whole, true dorsoventral mobility remains within the osteological confines set by the raw mobility. However, some pleurodires (Fig. 4E ) and some cryptodires (Fig. 4G) have the ability to slightly overstretch particular joints (i.e., hypermobility) by disengaging the central articulations, particularly during extreme dorsoventral flexion (Fig. 2O, Supplementary Figs . S10 and S11) while having the muscles and tendons maintain the integrity of the neck. The zygapophyses of two adjoining vertebrae never loose contact with one another during dorsoventral flexion.
During lateral flexion, the neck shows no (Fig. 4F) or only little hypermobility of adjacent vertebrae in pleurodires (Supplementary Fig. S12 ). In the most retracted neck condition of cryptodires, some vertebral centra show little "detachments" and in some specimens, the zygapophyses of CV8 and DV1 can detach as well. Naturally, the observed maximally retracted neck condition of cryptodires (Fig. 4) represents only the final stage of a "safetylinked bicycle chain"-like process of retraction (Herrel et al., 2008) while squeezing through the shell opening. Given that we only documented the end point during retraction in most species, it is plausible that other joints also show hypermobility during retraction. The large angle peak documented between CV4/CV5 in Figure 4G results from live angle measurements during trionychid retraction. As no detachment of vertebrae occurs in those species, a similar high raw mobility can be expected. Nevertheless, the articulation of vertebrae of up to 100°must be associated with considerable dislocations of the intervertebral discs and deformations of the intervertebral capsule (Supplementary Fig. S11F ).
Modeling A 3D-model of the mobility of the neck of the Triassic stem turtle Proganochelys quenstedti indicates that this taxon was able to retract its head by tucking it sideways within the confines of the shell. In contrast to living pleurodires and cryptodires (Figs. 2G-H, M, 5C and D, and 6C and D), however, the retraction seen in P. quenstedti is achieved through a compound ventrolateral flexion, not through an S-shaped folding of the neck (Fig. 7) . By contrast, cryptodiran like retraction can only be achieve by our model under highly unreasonable circumstances (i.e., 180°rotation between the eighth cervical and first thoracic vertebrae and hypermobility along all cervical joints, Supplementary Fig. S9 ).
DISCUSSION
Reconstructing the Neutral Neck Position in Fossils
Given that the vast majority of fossil organisms do not display any "unusual" neck morphology, only little attention is generally accorded to mobility of this body region. A few notable exceptions nevertheless exist: humans, herbivorous mammals, crocodilians, birds, and other theropod dinosaurs (van der Leeuw et al., 2001a,b; Samman, 2013; Snively et al., 2013) , and particularly sauropod dinosaurs (Berthoz et al., '92) . The neck of sauropod dinosaurs has been studied extensively because its great length raises many physiological and biomechanical questions. Given that sauropods are situated along the phylogenetic stem of birds (Aves) within Archosauria, a number of recent studies reconstructed the muscle and ligament system of the sauropod neck by phylogenetically bracketing (de Queiroz and Gauthier, '92; Witmer, '95 ) the morphology of extant birds and crocodilians (Wedel and Sanders, 2002; Tsuihiji, 2004) . In addition, the research is informed through observations made from extant analogues such as the giraffe, camel, and ostrich (Dzemski and Christian, 2007; Cobley et al., 2013) or by reference to unique anatomical structures such as the extensive air sack system (Schwarz-Wings and Frey, 2008) .
Much of the research is focused on two primary questions:
(1) what was the resting position of the neck and (2) what was the possible range of motion. Particularly the first question is highly contentious. Stevens and Parrish ('99) suggested by reference to modern analogues that the resting position of sauropod dinosaurs should be reconstructed at the point where the pre-and postzygapophyses overlap two thirds, which they called the "neutral position." But this assumption was recently shown to be incorrect by Taylor et al. (2009) by explicit reference to modern analogues. Christian and Heinrich ('98) and Christian (2002) , by contrast, argued that the resting position should be reconstructed where the stresses between the joints can be calculated to have been the least.
In extant turtles, the necks are naturally curved in the posterior half (Herrel et al., 2008) because the anterior carapacial edge does not allow a fully horizontal neck orientation. Our observation on the relaxed neck position of anesthetized turtles (CT-scan; Fig. 5-6 ) confirms the presence of this curvature. The vertebral centra therefore never align in a straight line with 180°a ngles. CT-scans of turtles in this relaxed position furthermore reveal that the zygapophyseal facets almost fully overlap each other, that the central articulations fit snugly, and that intervertebral spaces are minimal (see Weisgram and Splechtna, '90: fig. 1b) . We are able to reconstruct the characteristic bend of the turtle neck in disarticulated specimens, when adjacent zygapophyseal articular facets overlap another optimally. We therefore conclude that this is the "neutral" position in turtles. Our observations suggest that adjacent zygapophyseal facets should be modeled to overlap completely when reconstructing the neutral neck position in other fossil land vertebrates.
Predicting the Maximal Range of Motion in Fossils
There appears to be less contention regarding the reconstruction of the possible range of motion in fossil taxa, perhaps because it is always much greater than the preferred range of motion and because it is thought to be clearly constrained by the anatomy of the vertebrae. Stevens and Parrish ('99) reconstructed the possible range of motion of sauropods using 3D modeling techniques and constraints observed among extant birds, in particular the zygapophyseal capsule.
Turtles exhibit a wide variety of neck motions that must be considered extreme relative to other vertebrates. In addition to the "regular" retraction of the necks within the body cavity (either anterior to the rib cage, as in pleurodires, or within the ribcage between the shoulder girdles, as in cryptodires), turtles can "catapult" their necks over the shell for defence and perform extreme contortions with their neck when attempting to rectify themselves when lying on their backs. Our observations reveal that hypermobility (i.e., the dislocation of the joints) occurs during many of these extreme functions, but hypermobility also occurs during less extreme dorsoventral and lateral flexions. Although the unexpected hypermobility we found between the vertebrae of extant turtles can be ruled out as an autapomorphic feature of turtles, the ability of turtles to circumvent constraints imposed by their skeletal structure raises questions for modeling function in fossil vertebrates in general. At the very least, the ability of turtle to dislocated their central joints suggests that it is at least conceivable that other tetrapods, including sauropod dinosaurs, may have moved their necks slightly beyond the expected range of motion predicted by their bones to enable exceptional movement, for example, for reaching high and distant food resources, defence, uplifting, or body cleaning, and that these motions did not cause the death of an animal. As such, the results of our study can be understood as a test for the ductility of the central articular capsule, the spinal disk, and intervertebral muscles and tendons. 
Evolution of Neck Movements Within Testudinata
We found five modes of neck movement among the studied groups of turtles (compare to Fig. 7G ,H, Tables S7, and S8). As is well-known from studies on extant species, cryptodires (mode 1) are characterized by extreme dorsolateral movement to the neck, whereas pleurodires (mode 2) show extreme lateral movement. The relatively large and terrestrial stem turtles Proganochelys quenstedti, Meiolania platyceps, and Naomichelys speciosa (mode 3), by contrast, show a cryptodiranlike dorsal and a pleurodiran-like ventral and lateral flexion of the neck, but were unable to achieve neck-retraction in the modes seen in extant turtles. The baenid Chisternon undatum (mode 4) shows greater mechanical affinities with pleurodires, whereas the xinjiangchelyid Xinjiangchelys chowi (mode 5) shows greater mechanical affinities with cryptodires. Those findings are consistent with recent phylogenetic hypotheses that place P. quenstedti, M. platyceps, and N. speciosa along the stem of Testudines, that place baenid and xinjiangchelyid turtles closer to or at the base of the crown (Gaffney et al., 2007; Joyce, 2007; Anquentin, 2011; Sterli and de la Fuente, 2013) , and that predict that the pure cryptodiran and pure pleurodiran neck flexion modes evolved independently within these lineages (Fig.  7G,H) . Even though the necks of various fossil turtles are consistent in their morphology with those of extant turtles, it is important to emphasize that the mobility of all of their cervical joints was lower.
Retraction in Fossils
Although necks are available from a surprisingly large sample of taxa from the turtle stem lineage and the base of the crown, only few speculations have been made as to how these turtles moved their necks, beyond the conclusion that they could not withdraw their heads within their shells (e.g., Młynarski, '76 ). This conclusion is especially apparent for the basal stem turtles Proganochelys quenstedti and Palaeochersis talampayensis which possessed massive dorsal epiplastral processes that connected the plastron to the ribcage/carapace and physically hindered the head and neck from being withdrawn inwards as extant cryptodires do (Gaffney, '90; Sterli et al., 2007) . The conclusion that other basal turtles were not able to withdraw their heads is in part based on the unspoken assumption that amphicoelous vertebrae cannot allow for great flexibility (see above ; Gaffney, '90 ). Yet, the large pre-and postzygapophyses found universally among stem and basal turtles [(e.g., Meiolania platyceps (Gaffney, 1985, '90) ; Solnhofia parsonsi (Joyce, 2000) ; Plesiobaena antiqua (Brinkman, 2003) ; Xinjiangchelys chowi (Matzke et al., 2004) ] reveal that some types of movement were possible and well-controlled.
Our study reveals that stem turtles show the same general mode of dorsal neck mobility that extant cryptodires do. However, to acquire the ability to retract their necks, cryptodires had to modify the vertebral shapes to enable even greater neck mobility and mostly had to evolve an extremely modified articulation between cervical vertebra 8 and dorsal vertebra 1 that allows folding the entire neck between the shoulder girdles. This specialized joint, characterized by the ventrally facing central articulation of the first thoracic vertebra, is universally absent among stem turtles, pleurodires, and most stemcryptodires (Gaffney et al., 2007; Joyce, 2007) . The lateral flexion of stem turtles, in contrast, is pleurodiran-like. To achieve greater mobility, however, pleurodires modified some joints to form strong kinks, that is, the joints between cervical vertebra 5 and 6 (Weisgram and Splechtna, '90; Van Damme et al., '95) and cervical vertebra 8 and dorsal vertebra 1 (Fig. 4D) . These specializations are universally lacking among stem turtles and all total group cryptodires. Although the modifications needed to achieve full cryptodiran and pleurodiran retraction should not be trivialized, the amount of precursor mobility already found in basal turtles is surprising.
The models we calculated for the neck movement of Pleurodira, Cryptodira, and all Testudines universally predicted implausible amount of movement (i.e., negative movement) for the important joint between cervical vertebra 8 and dorsal vertebra 1 in stem turtles (Supplementary Table S9 ). This suggests that the cervicodorsal joint has a different relationship to the neck vertebrae than the latter have among each other, and may indicate greater or reduced mobility at the neck/body-articulation in stem turtles relative to crown turtles.
Our 3D reconstruction of the skull, neck, and carapace of Proganochelys quenstedti allowed us to model neck movement for this taxon independent of our calculations. If the joint at the neck/ body-articulation is unreasonably allowed to rotate a full 180°, as in extant cryptodires, our simulations show that P. quenstedti still would require angles of more than 45°between all cervical joints to achieve cryptodiran-like retraction, requiring extreme hypermobility for each joint (Supplementary Fig. S9 ). This reveals that this taxon is only able to achieve cryptodiran-like neck retraction under the most unlikely assumptions.
The dorsal process of the eighth cervical vertebra of P. quenstedti is well-developed and possibly attached firmly to a blunt process of the nuchal thereby restricting the mobility of this joint. If the position of the eighth cervical is fixed, our simulations confirm that the neck of P. quenstedti does not permit this taxon to retract its head below the shell like a pleurodire (i.e., with an Sshaped bend to the neck). But it was unexpected to discover that this taxon was able to retract its head, without the use of hypermobility, by tucking it sideways below the carapace in a combined ventrolateral motion (Fig. 7D-F) .
The conclusion that P. quenstedti was able to retract its head and neck within the confines of the shell contradicts current orthodoxy that basal turtles had non-retractable necks (Hay, '08; Williams, '50; Młynarski, '76; Gaffney, '90) , although we are unable to find any published rational explicitly justifying this conclusion. Instead, we suspect that low mobility was assumed to be present based on the combined presence of (1) amphicoelous vertebrae, which correlated with the presence of a stiffened vertebral column in many other groups of vertebrates (Romer, '56) ; (2) a fully roofed skull lacking temporal emarginations, which correlate among living turtles with the inability to retract their heads (Gaffney, '90; Werneburg, 2012) ; (3) large dorsal epiplastral processes, which span the anterior opening of the shell between the plastron and the carapace thereby mechanically restricting movement of the head between the shoulders (Gaffney, '90) ; and (4) cervical ribs and neck spines (Gaffney, 1975, '90) , which may impair any extreme movements to the neck.
Our observations clearly contradict the hypothesis that amphicoelous vertebra are necessarily immobile and this observation may be important for assessing mobility in other groups of early reptiles. Similarly, although it is true that extinct turtles lack extended temporal emarginations, there is no obligatory or exclusive link between these two characters (Werneburg, 2012) . Minute ventrolateral emarginations are nevertheless present (Jones et al., 2012; Werneburg, 2012) , which further supports our model of lateral retraction in stem turtles. Living turtles with less mobile necks are universally macrocephalic and therefore physically unable to fit their heads within the anterior openings of their shells, and the loss of temporal emarginations in these taxa is likely necessary to protect the exposed neck from mammalian (Lyson and Joyce, 2009) or shark predators. The large dorsal epiplastral processes that block the anterior opening of the shell of P. quenstedti indeed pose an obstacle for cryptodiran like neck retraction, as the head is not able to fit between these bar-like processes, but our model demonstrates that the neck is able to elegantly bend around these structures.
Our model does not include the minute cervical ribs that decorate the neck of P. quenstedti (Gaffney, '90; Werneburg et al., 2013 ) and we are therefore not able to deduce their effect on neck mobility. However, well-developed cervical ribs are present among archosauromorphs (Nesbitt, 2011) , particularly among longnecked protorosaurs (Wild, '73) , but this group of reptiles are generally thought to possess highly mobile necks. Thus it is plausible that P. quenstedti was able to accommodate its significantly shorter ribs when tucking its head below the shell. The presence of two large neck-spines on the neck, the number of neck-spines actually associated with all known skeletons, does not impair retraction (Fig. 7D-F, Supplementary Fig. S9 : see also discussion there). The skin is highly moveable against the underlying neck musculature in all extant turtles and other tetrapods (Werneburg, 2011) . As such, we are confident that a flexible skin would have allowed the neck osteoderms to accommodate movement (in the sense of Jaekel ('15)) by shifting sidewards during retraction, which allows further protection of the laterally tucked neck.
The inference of full neck retraction in P. quenstedti should not come as a complete surprise, given that even the earliest turtles needed a minimally flexible neck to overcome restrictions imposed by the shell. Although the cervical mobility demanded to overcome this obstacle is much greater than found in the nonshelled outgroups, only a 100°summed flexion formed by eight joints is needed to reach the early head-tuck combined with a dorsal roofing formed by the carapace. The complex S-shaped neck retraction of extant turtles only evolved later, perhaps as a way to accommodate significantly longer necks. The notion that even the most basal turtles (i.e., amniotes with a full turtle shell (Joyce et al., 2004) ) were able to withdraw their head and neck within the confines of the shell therefore allow us to conclude that this feature evolved in certain synchrony with the origin of the turtle shell in the Middle to Late Triassic. The fossil turtle Odontochelys semitestacea (Li et al., 2008) , which only evolved the plastron part of the shell, might have been able to tuck its neck similarly to what we modeled for P. quenstedti. Computer tomography of the former is currently not available and hence modeling is not possible. But given the documented rough similarity of its vertebral anatomy with P. quenstedti (Li et al., 2008) , a similar neck mobility can be expected. However, whether the potential neck tucking (i.e., the modified lateral neck flexion) in O. semitestacea allowed any protection below its slightly broadened ribs-in the semantic sense of the word retractioncannot be evaluated herein. The same reservation holds true for potential sister taxa of turtles, such as Eunotosaurus africanus (Lyson et al., 2013) , within or outside "Eureptilia".
